Introduction
Many diseases involve the misfolding and aggregation of naturally occurring proteins in the body. These aggregates disrupt cellular function through a number of different mechanisms, often resulting in cell death [1] . This process is most prevalent in neurodegenerative diseases [2, 3] .
For example, Alzheimer's disease is characterized by the misfolding of the amyloid beta (Abeta) protein, which leads to amyloid plaques, whereas structural changes associated with hyperphosphorylation of the tau protein leads to the formation of neurofibrillary tangles. In Parkinson's and Huntington's disease, aggregates of α-synuclein and huntingtin are observed, respectively. A familial form of amyotrophic lateral sclerosis (ALS) is characterized by tiny aggregates of copper-zinc superoxide dismutase (SOD1). Prion diseases such as mad cow disease (bovine spongiform encephalopathy), Creutzfeldt-Jakob disease, scrapie, and chronic wasting disease are associated with the misfolding of the prion protein, which becomes infectious in its aberrant form. Not all protein-folding diseases occur in the central nervous system; other examples include cystic fibrosis, type II diabetes, and multiple myeloma [4] . In all cases, protein misfolding is associated with a change in secondary structure.
Fourier transform infrared spectroscopy (FTIR) has been shown to be sensitive to the secondary structure of proteins, making it a valuable technique for studying protein aggregation. A protein's FTIR spectrum has two prominent features, the Amide I (~1650 cm −1 ) and Amide II (~1540 cm −1 ) bands, where the former arise primarily from the C_O stretching vibration and the latter is attributed to the N\H bending and C\N stretching vibrations of the peptide backbone [5] . The frequency of the Amide I band is particularly sensitive to secondary structure based on different hydrogen-bonding environments for α-helix, β-sheet, turn, and unordered conformations. For example, α-helices and β-sheets have Amide I vibrational frequencies at approximately 1655 and 1630 cm −1 , respectively [6, 7] . The vibrational frequency of an aggregated protein falls around 1620-1625 cm −1 due to the distinct hydrophobic environment [8] . For most proteins, a mixture of secondary structures exists; thus, the Amide I band represents a combination of these components (Fig. 1) . As a first approximation, the Amide I band can be curve-fit to predict a protein's secondary structure, or database approaches based on crystallographic information have also been used [9] .
Beyond the examination of protein secondary structure in vitro, FTIR spectroscopic microscopy can also be used to directly study protein misfolding and aggregation within cells and tissues. Protein aggregates are typically very small, where initial oligomers form at the nanoscale and the larger aggregates are only 20-30 μm in size. In addition, the spectral differences associated with changes in protein conformation are subtle, requiring spectra with a high signal-to-noise (S/N) ratio. These challenges have been addressed recently by taking advantage of the high brightness of a synchrotron infrared source, where protein misfolding and aggregation have been examined directly within diseased tissue in Alzheimer's disease [8, [10] [11] [12] , Parkinson's disease [13] , Huntington's disease [14] , amyotrophic lateral sclerosis [15] , and scrapie [16] [17] [18] .
In this review, we will describe how FTIR spectroscopy and microscopy have been used to examine protein misfolding and aggregation both in vitro and in situ. The challenges associated with data collection and spectral interpretation will be discussed along with recent technological developments and opportunities for future studies.
FTIR spectroscopy of protein structure in vitro
Since the Amide I band is sensitive to protein secondary structure, FTIR spectroscopy is frequently used to study the process of protein misfolding and aggregation in vitro. Due to unique hydrogen bonding environments for the different secondary structure elements, shifts are observed in the frequency of the Amide I band [6, 19] . And by studying protein structure in vitro, the effects of temperature, pH, solvent, and protein conformation can be systematically examined.
The major difficulty with measuring FTIR spectra of proteins in water arises from the strong water bending mode that overlaps the Amide I vibrational mode. Thus, transmission measurements of protein solutions are typically performed in D 2 O, where the O\D bending mode is shifted to lower frequency (Fig. 2) . Alternatively, spectra can be collected in water with very thin pathlengths (b10 μm), but this requires a higher protein concentration. For FTIR spectroscopy of protein solutions in D 2 O, protein concentrations of 0.5-10 mM are common. Protein solutions are placed in a sandwich cell between two IR-transparent windows (typically CaF 2 or BaF 2 ), separated by a thin spacer (typically 25-50 μm thick). The reference (background) spectrum is collected through the buffer solution.
Secondary structure analysis of the Amide I band has been performed in a number of ways, including second derivatives, Fourier self-deconvolution, curve-fitting, and neural networks [6, 7, 9, [19] [20] [21] [22] [23] . Most frequently, second-derivative analysis is used to identify the frequencies of the underlying spectral components. Then spectral deconvolution (i.e. curve-fitting) is performed on the Amide I band to define the intensities of the components (see Fig. 1 ). While absolute secondary structure quantification can be done, the best results are achieved when structural changes are studied as a function of an external perturbation, as has been demonstrated for the amyloid-beta protein [24] .
Alzheimer's disease
Protein misfolding and aggregation have been studied extensively in vitro using FTIR spectroscopy. For example, Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the accumulation of senile plaques and neurofibrillary tangles in gray matter areas of the brain. Plaque formation is brought about by the transformation of a small peptide known as amyloid-beta (Abeta) from a soluble form through an oligomeric intermediate to an aggregated, fibrillary structure [25] .
The mechanism behind the structural changes and toxicity of Abeta during aggregate formation has been the subject of numerous in vitro studies. The seminal studies utilized circular dichroism (CD) and NMR to show the structural conversion of Abeta from a soluble α-helical protein to a fibrillar β-sheet protein [26] [27] [28] [29] . More recently, FTIR spectroscopy has been used to study the specific alignment of β-sheet strands within Abeta fibrils. Using isotopically-labeled Abeta (16) (17) (18) (19) (20) (21) (22) , Petty and coworkers showed conclusively that the β-sheets are antiparallel and in alignment across all strands. This realignment of the peptide strands is important for therapeutics because they form more stable amyloid fibrils [30] . , respectively. (Inset) Expanded view of the Amide I band, which can be deconvolved into its secondary structure components. Since Abeta is derived from the membrane-bound amyloid precursor protein (APP), it has been suggested that oligomeric Abeta forms pore-like structures in lipid membranes that disrupt ion homeostasis and cause cell death. Using FTIR spectroscopy, Abeta oligomers have been shown to exhibit an antiparallel β-sheet structure, where the spectrum was very similar to that of bacterial outer membrane porins [31] . With polarized attenuated total internal reflection FTIR (ATR-FTIR) spectroscopy, it was also shown that membranes promote β-sheet formation [32] and that membranes containing oxidatively damaged phospholipids accumulated Abeta significantly faster than membranes containing only unoxidized or saturated phospholipids [33] .
In addition to the Abeta protein, FTIR spectroscopy has also been instrumental in understanding the structural conformation of the tau protein -a neuronal microtubule protein that becomes hyperphosphorylated and forms paired helical filaments (PHFs) in the AD brain. Conflicting views on the structure of the tau "tangles" have been proposed, ranging from mainly α-helical structure to mainly β-sheet, or a mixture of mostly random coil and β-sheet. In vitro FTIR analysis showed that the soluble tau protein is a natively unfolded protein dominated by random coil structure, whereas Alzheimer PHFs show an increase in the level of β-structure [34, 35] .
The results support a model in which the repeat domain of tau (which lies within the core of PHFs) adopts an increasing level of β-structure during aggregation, whereas the N-and C-terminal domains projecting away from the PHF core are mostly random coil.
The prion diseases
The transmissible spongiform encephalopathies (TSEs), also termed prion diseases, are a group of fatal, neurodegenerative diseases characterized by the misfolding and accumulation of the prion protein (PrP Sc ). This protein differs in secondary structure from its normal, cellular isoform (PrP C ), which is physiologically expressed mostly by neurons. Importantly, prions are considered infectious because PrP Sc is capable of causing the normal PrP C protein to misfold into the disease-related form, resulting in a catalytic process that produces a large amount of aberrant protein. Thus, only a small amount of PrP Sc is needed to initiate disease, which is always fatal. Scrapie is a prion disease first described in the 18th century in sheep and goats and a rodent model has been established to study the pathogenesis and pathology of the disease. FTIR spectroscopy of the isolated prion protein showed that PrP C was predominantly α-helical in structure whereas PrP Sc was primarily β-sheet [16] . Similar structural differences were observed in scrapie-infected ganglia, although not all neurons were affected [18] . Early diagnosis of the prion diseases is paramount to successful treatment. FTIR spectroscopy and artificial neural networks were used to screen blood serum from terminal scrapie-infected hamsters and consistently yielded test sensitivities and specificities of 97% and 100%, respectively [36] . A similar classification algorithm was also developed for terminal bovine spongiform encephalopathy (BSE) with a sensitivity and specificity of 96% and 92%, respectively [37] . And more recently, preclinical scrapie (100 days post infection) was reliably detected from blood serum [38] .
Another substantial challenge in prion research is the discrimination of different TSE strains that cause scrapie, BSE, or CreutzfeldtJakob disease. In a study by Thomzig and coworkers, four different isolates of hamster-adapted scrapie were infected into Syrian hamsters and probed by FTIR spectroscopy [39] . Results showed different secondary structures between the TSE agents, even in cases where immunobiochemical typing failed to detect structural differences. Thus, FTIR spectroscopy may provide a promising analytical tool for molecular strain typing without antibodies and without restrictions to specific TSEs or mammalian species.
Parkinson's disease
Parkinson's disease is a neurodegenerative disorder characterized by the formation of abnormal protein aggregates called Lewy bodies in the neurons of the brain. The principle component of Lewy bodies is the α-synuclein protein, which is a protein of unknown function that is normally found as a soluble, unordered structure in the cytosol of neurons.
There is considerable debate about the mechanism behind the fibrillation of α-synuclein during Lewy body formation and subsequent disease toxicity. FTIR and CD spectroscopy have shown that α-synuclein fibrils are antiparallel β-sheet in structure, similar to fibrillar Abeta [40] . Fibrillation likely takes place via long-range intramolecular interactions between the N-and C-termini of α-synuclein [41] . Two homologous proteins, β-and γ-synuclein, are also natively unfolded but do not form fibrils unless exposed to metal ions such as Cu 2+ , Zn 2+ , and Pb 2+ [42] . It has also been shown by FTIR spectroscopy that mixtures of the synucleins can prevent the fibrillation of α-synuclein [43] .
Huntington's disease
Huntington's disease is a neurodegenerative disorder that is caused by a genetic mutation of the Huntingtin gene (HTT), which codes for the huntingtin protein. More specifically, Huntington's disease is a trinucleotide repeat disorder, where the HTT gene codes for a long chain of glutamine residues -called the polyQ region -in the huntingtin protein.
Disease symptoms occur when the polyQ region is longer than~36 residues.
The disease is characterized by neuronal inclusion bodies that are primarily composed of aggregates formed from fragments of polyQ region of the mutant huntingtin protein. Using FTIR spectroscopy of the purified huntingtin fragments, results showed that globular and protofibrillar intermediates participated in the genesis of mature fibrils [44] . The intermediates were high in β-sheet structure. Moreover, Congo Red -a dye commonly used to assay for amyloid fiber formation -prevented the assembly of mature huntingtin fibrils, possibly by binding to the β-structure of the protofibril.
3. FTIR microspectroscopy of protein structure in fixed cells and tissues FTIR microscopes have been used to examine the composition of biological cells and tissues for over 20 years. However, the long wavelengths of infrared light result in diffraction effects that limit the spatial resolution that can be achieved to 2-10 μm in the mid-infrared region. In addition, the brightness of conventional thermal (globar) IR sources are inherently limited near the diffraction limit.
Examination of protein misfolding and aggregation presents a unique challenge for FTIR spectroscopic microscopy (FTIRM) because the aggregates are typically very small, i.e. initial oligomers form at the nanoscale and the larger aggregates are only 20-30 μm in size. In addition, the spectral differences associated with changes in protein conformation are subtle, requiring spectra with a high S/N ratio. Over recent years, dramatic improvements have been realized through the utilization of a synchrotron infrared source, which is 100-1000 times brighter than a conventional thermal source [45] . This brightness advantage is not because the synchrotron produces more power, but because the effective source size is small and the light is emitted into a narrow range of angles. The high brightness (i.e. flux density) of the synchrotron source allows smaller regions to be probed with an acceptable S/N ratio [46, 47] .
One of the earliest uses of a synchrotron-based IR microscope was to examine the secondary structure of Abeta directly within the brain tissue of an Alzheimer's case [10] . Interestingly, these findings revealed spectral differences between the in vitro, solution-state protein and the in situ, amyloid structure of AD plaques, indicating that the misfolding of Abeta depends on factors present in brain tissue environment. More recently, synchrotron-based FTIRM showed that the density of dense-core plaques was approximately 1.5 times higher than the surrounding brain tissue [12] and the Amide I maximum was observed at 1623 cm −1 [8] , significantly lower than Abeta aggregates in solution, and characteristic of aggregated protein in a highly hydrophobic environment (Fig. 3) . In contrast, diffuse plaques were not associated with IR detectable changes in protein secondary structure [11] . The misfolding and aggregation of the infectious prion protein have also been studied in the dorsal root ganglia of a hamster model of scrapie. Synchrotron-based FTIRM was used to show that, at pre-clinical time points, the scrapie-infected animals exhibited a significant increase in protein expression, but the β-sheet protein content was significantly lower than controls, suggesting that the pre-clinical stages of scrapie were characterized by an overexpression of proteins low in β-sheet content [17, 18] . As the disease progressed, the β-sheet content increased significantly but immunostaining confirmed that this increase was partly -but not solely -due to the formation of PrP Sc in the tissue and indicated that other proteins high in β-sheet were produced, either by overexpression or misfolding (Fig. 4) . These dramatic changes in protein content and structure, especially at pre-clinical time points, emphasize the possibility for identifying other proteins involved in early pathogenesis, which are important for a further understanding and early diagnosis of the disease. Other FTIRM studies have examined subcellular protein compositional changes in tissue but not specifically focusing on aggregate formation. For example, the protein composition in the substantia nigra in Parkinson's disease revealed significant protein structural changes in the nerve cell bodies prior to the formation of Lewy body aggregates, suggesting that disturbances of normal functioning neurons appear well before their morphological atrophy [13] . In a rat model of Huntington's disease, misfolding of the huntingtin protein was evidenced by the appearance of β-sheet-rich structures in striatal neurons [14] . At the same time, other spectral regions demonstrated a reduction in unsaturated lipid content and an increase protein phosphorylation, which are consistent with myelination deficiency and early pro-apoptotic events, respectively, and demonstrate that a range of compositional changes can be assessed and correlated with protein misfolding in situ.
FTIR spectroscopic imaging of protein structure in living cells
As can be seen, FTIR spectroscopy and microspectroscopy have been widely used to examine the mechanisms behind the pathology of a wide range of protein-folding diseases. These studies have been performed in vitro, in cell culture, and in situ on histological tissue sections. However to date, the vast majority of these experiments have been performed on static systems.
In the field of neurodegenerative protein-folding diseases, a number of recent studies suggest that the neuron toxicity arises from the initial oligomeric species, rather than the larger protein plaques. The mechanism of oligomer toxicity is still under debate, but includes the formation of transmembrane pores that disrupt ion transport through cells. Pore-forming oligomeric structures have been described with Abeta in Alzheimer's disease [48] and α-synuclein in Parkinson's disease [49] . Over the years, a number of static studies have demonstrated that FTIR spectroscopy can be used to study the formation of amyloid in vitro. However, given the evidence that the oligomeric state is likely the toxic species, future in vitro experiments are likely to include time-resolved measurements in order to study the initial misfolding, oligomerization, and fibrillization of protein aggregates. One such example used a sub-millisecond pH jump to monitor the kinetics of the structural transition of Abeta (1-28) and showed an initial rapid transition from a random coil to an oligomeric β-sheet conformation followed by a second slower transition, which yielded larger aggregates [50] .
Similar studies are being imagined in cell culture, where protein misfolding and aggregation are probed in real time. However, experimental challenges such as overcoming the water absorption and maximizing the subcellular spatial resolution must be addressed. One promising method for achieving these goals is synchrotron-based infrared imaging with a full-field focal plane array (FPA) detector. By utilizing a high magnification IR microscope objective, the pixel resolution of the detector can be increased dramatically, enabling pixel oversampling and image deconvolution. However, with a conventional thermal IR source, the flux incident on each pixel may be more than 100× smaller, limiting the spectral quality [51] . The~1000-fold brightness of the synchrotron source improves the S/N ratio and has recently been used to demonstrate sub-micron spatial resolution [52] . Thus, by taking advantage of the synchrotron-based full-field imaging approach, spectra can be collected rapidly at high resolution, providing time-resolved images of small structural changes over time.
In addition to improvements in spatial resolution and spectral quality, widespread adoption of time-lapsed FTIR imaging (FTIRI) requires the development of environmental chambers that are compatible with the stringent requirements of the sample and IR microscope optics. In particular, high-magnification Schwarzschild objectives have short working distances that are typically less than a few millimeters, and high numerical apertures that necessitate wide opening angles. For biological cells, viability must be maintained by carefully controlling the atmosphere, pH, and temperature within the chamber. Moreover, the path length of the cell must be limited to b 10 μm to allow for the transmission of the IR beam through the aqueous media.
Ongoing developments of versatile chambers for in vivo FTIRI are underway. For example, one chamber design uses thin diamond film as windows, which are IR and visible light transparent, to aid in minimizing the chamber thickness [53] . Others have used lithography to pattern spacers of precise thickness onto calcium fluoride windows [54] and microfluidics to flow media to the cells [55] . Additionally, modifications have been made to commercially available flow cells to accommodate the needs of live cells with thinner spacers and micropatterned channels for flow [56] . The use of attenuated total internal reflectance (ATR), a technique that can improve the spatial resolution by taking advantage of ATR crystals with a high index of refraction, has also been implemented to study cancer cell growth [57, 58] . In a more recent study, the ATR crystal was attached to the IR objective allowing data to be taken directly from a Petri dish [59] . These chambers vary significantly in design, but they all maintain a low profile to accommodate small working distances and minimize water absorption, and they flow nutrients to the cells. To demonstrate the coupling of an FTIR-compatible environmental chamber with a full-field FPA IR detector, we have recently performed time-lapsed infrared imaging of aggregate formation in a cell culture model of amyotrophic lateral sclerosis (ALS). Specifically, ALS is a neurodegenerative disease affecting the motor neurons of the spinal cord. While most ALS cases are sporadic with no known cause, some are linked to mutations in the antioxidant protein copper-zinc superoxide dismutase (SOD1), which is associated with the formation of small SOD1 aggregates in motor neurons. Interestingly, there are Fig. 4 . FTIRM of the misfolded prion protein in a hamster model of scrapie showing results from a preclinical stage 100 days post infection (left column, 100 dpi) and at the first clinical signs of the disease (right column, fcs). Photomicrographs of the areas investigated with FTIRM are shown in the 1st row (unstained) and 2nd row (3F4-antibody stained for the prion protein). The β-sheet and α-helix distributions are represented in the 3rd and 4th rows, respectively. At the earliest stages, some areas show high β-sheet as well as high α-helix (*), which was not observed at the terminal stage. Areas with misfolded prion protein deposition as seen in the 3F4 stained sections showed elevated β-sheet (arrows), while some areas showed high β-sheet but no aggregate deposition (arrowheads). All scale bars are 20 μm. With permission from [17] .
over 166 individual mutations that have been shown to cause the formation of SOD1 aggregates in motor neurons [60, 61] .
It is widely hypothesized that the SOD1 aggregates are comprised of immature SOD1 protein, i.e. prior to metallation or post-translational modification. This hypothesis is primarily based on the high stability of many of the holo-SOD1 mutations, making them unlikely to aggregate once they are metallated [62] . Additional experiments have shown that detergent-insoluble SOD1 aggregates extracted from mice overexpressing human SOD1 mutations lack the post-translational modifications [63] and do not contain the copper and zinc ions [64] expected of a mature protein. In vitro studies using FTIR spectroscopy have shown that both metallated and apo-SOD1 showed similar changes to the natural β-sheet structure of the protein, regardless of the aggregation method [65] . It has also been shown that disulfidereduced SOD1 readily induces oligomerization under physiologically relevant conditions [66] . In addition, there is a wide range of aggregation propensities among the numerous disease-conferring SOD1 mutations, and to date, no common factor has been found to predict the rate of aggregation of a given mutation based on its known biochemical and biophysical properties [67] . Despite many extensive studies on SOD1 aggregation, the mechanism(s) of aggregation remain unclear.
In addition to understanding protein aggregation, the process by which aggregation is associated with neuron death remains illusive and necessitates more in vivo studies. In particular, it is possible that toxicity arises due to pore-forming oligomers analogous to those described for Abeta in Alzheimer's disease [48] and α-synuclein in Parkinson's disease [49] . The transmembrane pore structures are rich in antiparallel β-sheet structure. Alternatively or in conjunction, fibril formation may (also) be the culprit, which can be identified by the presence of parallel β-sheet structures. Since FTIR spectroscopy can readily distinguish parallel vs. antiparallel β-sheet structure [31] , time-lapsed FTIRI of SOD1 aggregation can provide insight into the structural intermediates, time scale, and mechanism(s) of cell toxicity associated with aggregate formation.
In cell culture, transient transfection has been used to overexpress mutant SOD1 and form protein aggregates [67] . In order to visualize the aggregates, SOD1 is co-expressed with yellow fluorescent protein (YFP) [68] . Results have shown different aggregation patterns and time scales that depend upon the specific mutation, suggesting that multiple misfolding pathways may exist [67] .
Chinese hamster ovary (CHO-K1) cells were transfected to express the mutant G37R SOD1-YFP with Lipo-D 293 transfection reagent. The G37R mutation is located in the β-barrel and forms a moderate amount of punctuate aggregates within 24 h of transfection [67] . Transfected cells were imaged at Beamline U10B at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory using a Bruker Hyperion 3000 FTIR microscope equipped with a 128 × 128 pixel focal plane array detector. The cells were grown on calcium fluoride windows and transfected in the Petri dish in a conventional incubator. Ten hours after the transfection was initiated, the cells were transferred to custom FTIR-compatible incubator and ultra-buffered (20 mM HEPES) F12K medium was circulated through the flow cell. A field of approximately twelve cells was selected based on the presence of YFP fluorescence and FTIR images were taken every hour from 11 to 16 h post-transfection. FTIR images of the transfected cells confirm the development of antiparallel β-sheet structure through a decrease in the 1630/1695 cm −1 ratio over time, which can be observed as a shift from red/yellow to blue pixels in the false-color image (Fig. 5) . In contrast, the protein structure in the surrounding non-transfected cells remains relatively constant. Thus, the initial stages of aggregate formation in the G37A mutant reveal a spectral signature that is consistent with the formation of pore-forming oligomeric structures. Moreover, it is also likely that the antiparallel β-sheet structure is an intermediate conformation for fibril formation. Further studies at longer time scales and with other SOD1 mutants will be needed to provide a complete picture of the folding intermediates and pathway to cell toxicity in SOD1-ALS.
Conclusion and outlook
In summary, FTIR spectroscopy and microspectroscopy have been an integral part of understanding the mechanisms behind protein misfolding diseases including Alzheimer's disease, Parkinson's disease, Huntington's disease, the prion diseases, and amyotrophic lateral sclerosis. The field is expected to continue its growth by incorporating new in vivo and imaging technologies for time-resolved FTIR studies of protein oligomerization, fibril formation, and aggregation. In the future, we expect that continued advances in FTIR spectroscopy and imaging, combined with other spectroscopic methods, will lead to an improved understanding, diagnosis, and treatment of protein-folding diseases.
